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FOR EIGE-OUTPUT AIRCRAFT ENGINES

By A., M. Rothrock and Arnold E. Blermann
SUMMARY

Date are presented to show the effects of inlet-air
pressure, inlet—alr temperature, and compresslon ratlio on
the mexlimum permigsible performance obtalnsd on a single-
cylinder test engine with aircraft-engine fuels varying
from a fuel of 87 octane number to one of 100 octane num-
ber plus 1 ml of tetraethyl lead per gallon. The data
were obtained on a 5-inch by 5.75-inch liquid-cooled en-
g€ine -operating et 2,500 r.p.m. The comprossion ratio was
varled from 6.50 to 8.75. The inlet-alr temperature was
varied from 120° F. to 280° P. and the inlet-air pressure,
from 30 inches of mercury absolute to the highest{ permis-
slble. Tho limiting factor for the increase in compres—~
slon ratlo and in inlet-alr pressure was the occurrence
of either audible or incipient knock. The date are corre-
lated %o show that, for any one fuel, there 1ls a definite
relatlonship between the limiting conditions of inlet-alir
temperatura and density at any compression ratio. This
relatlonshin i1s dependent on the combustlon-~gas tempera-—
ture and density relatlonship that causes knock. The re-
port presents a suggested method of rating alrcraft-englne
fuels based on this relationship. It is concluded that
aircraft-engine fuels cannot be satlisfactorlly rated by
any single factor, such as octane number, hlghest useful
compression ratlio, or allowable boost pressure. The fuels
should be reted by a curve that expresses the limitations
of tho fusl over a varlety of engine conditions.

INTRODUCTION

The performance obtalned from a spark-ignition engine
wilith o glven fuel is limlited by the severlty of the engine
operating conditions to which the fuel can be subjected

without knocking. The major engine variables that must be
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controlled to prevent combustion knock are the inlet-air
pressuro, the inlet=ailr temperatyre, the compression ratlo,
the ongino temperanture, the spark timing, and the engine
apooed. For aircraft engines, high inlet-alr pressure 1is
desirable for take—off conditlons when maximum power 1ls
needed. A high compression ratiq 1s desirable chiefly
from consliderations of fuel economy, although an increane
in compresslion ratio 1s accompanied by an increase in
power., A high Inlet-air temperature 1s undesirable be-
cause 1t docreases tho mass of alr inductod into the en-
gino. Tho use of a supercharger, however, results in
incroasod inlet-alr temperatures unless an lntercooler 1le
provided. :

The introduction of aircraft-engine fuels of 100 and
higher octane numbers makes 1t possible %o increase con-—
slderably the power and economy of aircraft engines. The
maximum power and econonmy that can be obtalned depend on
the particular snglhe and on the ,previously mentioned en-
g€ine varlables. Data on engine performence with high-
octane fuels have been presented in references 1, 2, 3,
and 43 the test results reported thereln have shown the
noeod of a gystematlic investigatlon -of the effect -of the
difforont engline variables on the maximum permissible en-
g€ino output obtelnable with high-eoctano fuels. In the
proesont tosts, thc offects of inlet-alr pressure, inlet-
alr tomporaturc, and compression ratio on the maximum on-
g€ine porformance as limited by knock were detormined wlth
& liquid-coolod single-~cylindor angine for a range of fu-
els from 87 octone number to 100 .octane number plus 1 ml
of tetrasthyl lead. The investigatlion was conducted undor
the dlroection of the W.A.C.A. Subcommlttee on Alrcraft
Fuols end Lubricants. The tests .are to be continued to
covor thec effects of engine spoed, combustion-chambor de-
slgn, ond cooling mediun., ’

APPARATUS

The single-cylinder test-engine unit used in the
toste was desligned for high-spoed oporation at difforent
compresslon ratios over a range of inlet-alr pressures and
inlet=nlr tomperatures. 4 diagrammatic skoitch of the unlt
1s shown in flgure 1. The engine has a boro of 5 inchos

and 2 siroko of 5.75 inches (113 cubie inches displacomont).

Tho followling ongino conditions weroc maintained constant
throughout thesoc tosts?

Al
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Valve timing - - - - Inlet opens 20° B.T.C.
Inlet closes 71° A.B.C.
Exhaust opens 56° B.B.C.
Exhaust closes 32° A.T.C.

Valve 11ft - - = - - 0.5 inech.
Engiﬁe coolant ~ - - Prestone. i
Engine~coolant
temperature - - - 250° F,
Engine speed - - - - 2,500 r.p.nm,

The cylinder head is of .cast iron with a flat-disk
combustion chamber (fig. 2). It has two exhaust valves

and two inlet valves, each with a dlameter of 1-7/8 inches.

The exhaust valves have sodium-cooled stems. 4ll sharp
edges in the combustion chembor, such as exposed spark-
plug threads, have been removed. The piston ig made of ~
aluninum alloy with a ribbed undercrown for cooling (fig.
2). The compression ratio cen be varied from 4.50 to 9.50
by ralsing or lowering the head and cylinder ss & unit.

The ignlition system 1s operated from a battery and
the timer is driven by an independent gear train directly
from the crankshaft. The variation of the ignition spark
is 2.5 crankshaft dagrces. Two BG 3B-2 spark plugs were
betwesn the exhaust valvos and one betwoen_the intake
valves, and were fired simulitaneously. The svark plugs
were wator-cooled. L

The carburetor has a double throat with 2-1/2 inch
vonturl tubes. Neodle valves replaced the maln mntoring
Jots. s

A closed cooling system, using a pump driven from the
engine, was installed. A water-cooled heat exchanger % nnt
the Prostone at the desired temperaturo.

The fucel.consumptlion was measurcd by an oclectrlcally
operated system, which indicated the time and the numbor
of onglne revolutions reoquirod to consume a glven welght
of fuel. Tho mixture strongth was indichted during the
tosts by 2 Cambridge mixture-ratio indicator. The peoak
pressures worc shown by the ¥.A.C.A. balancod-dIaphragm
indlicator. |
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The inlet-alr temperature was measurcd above the car-
buretor, Tho inlot-ailr pressure was moasured in tho surge
tank mountod before tho inlot-alr heater, as shown in fig-
ure 1, The oxhaust temporatures, engino-coolant toempora-
tures, and lnlet-=alr temperature wore moasured with thor-
mocounles iIn conJunction witihh & potontiometer.

Tho ongine torque was measurcd by a direct~current
dynamnonoter in conjunction with a calibratod direct=
roading scelo.

Vonrious methods of 1ndicating the occurrence of knock
were tried. The recording of the start of audldble knock
was belleved to be a sabtlsfactory method and was used
throughout nost of the tests. The start of inciplent
knock below the audlible range was also of interest and a
sctlsfactory indicatlion of it was - obtalned dy using the
M.I.Te- knoockmeter (reference 5) in conjunction wilith a
cathode~ray oscillograph. The use.of the cathode-ray os-
clllogroph as the indicating unit ingtead of the danped
galvanometer originally supplied with the M.I.T. unit nade
1t possible to indicate knocl in the individual engine cy-
clos. When the engine 1s not knocking, the cathode-ray
tube shows e horizontal trace; whon knock occurs, there 1s
& vorticel riso in this trace. Kasck was cloarly indicat-
od bofore 1t became audible.

An R.C.A. plozoeloctric engine indicator was installed
in the onglno to chock the modified M.I.Ts method of lndi-
enting incipiont knock. The R.C.4A., unit can be connectod
to a cotlhode-ray tubo so that time-pressure records are
shown on the tube for each engino ecycle. A motion-picture
camora, drivon from tho englnc crankshaft at one-=half on-
2inc sgpoed, was foocusod on two cothode-ray tudbes oporated
by thoe two indicator unite. By moans of thls apparatus, a
bPhotogroph was obtained each englne cycle of the tlme-
Pressurc. record on one cathode-ray tube and of the knock-
meter record on the gecond tube. A sectlion of the motion-
picture film 1s reproduced in figure 3. In the first cy-
cle shown, the timo-pregsuro record appears smooth and the
knock record is & horizontal line. 1In each of the follow-
ing throo eycles, tho ongine was knockling, as indicatod by
tho vibrations in the time-proessureo rocord starting at or
s8lightly boforo poesk pressure. The corregponding knock ]
records show a vertical riso near the right ond. IExamina-
tion of tho fllm showod that knocking vibrations on tho
timo~prossurc record wore oaccompanied in each case by a
vortical rise on the knockmetor rocord. OCongequontly, it
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wes declded to uge the knockmeter method for recording knock
before the knock became mudible. This preaudlble knock

will be designated "incipilent knock." Wlth inciplent knock,
the vortical lino on the knock record was about 1/16 to 1/8
inch high and, with audible knock, it wes about 3/4 to 1
ineh high.

An engine condition in which knock is audible may be
ungtable in that appreci able knock 1s accompanlied by a tem~
porature rise of critical surfaces in the comdustion cham-
ber, which in turn may conuse a moroc severe form of knock.
The existence of this unstable knocking condition in an
engine is probably a matter of design and the severity of
the oporeting conditions. Another roamson for uslng in-
ciplent knock as the indication 1s theo rapld deprociation
of volves and piston rings whon an engine 1s oporating
with audible knock. The foregoing reasons for limiting
knock taoa the inclplent stage become increaslingly important
as the octane nunber of the fuel is lincreased. The high
inlet pressures .possible with the high-octane fuels cause
very sevore operating conditions when auwdldble knock is
present, .

Tho tests showod, under some opcratlng condltions, a
record of inciplent knock, which dleapveared on further
increase of the inlet-alr prossuro. At a still higher
inlot-air pressure, incipient knock again occurrod, becon-
lng progressively more intense as the inlet-alr pressure
was increased and finally bocoming audible. In the test’
results presonted for inciplent knock, thls second incip~
lent knock was used.

~.

FORLS

Two base fuels were blonded for these tests. The
flrst was o technical iso~octano of very nearly the samo
conmposition as S.A.B. S-~1 fueol. It had a freoszing polnt,
detornlned at the National Bureau of Standards, of
~108.98° C., an octane number (C.F.R. mothod) of 99.75,
nnd ¢ speclfic gravity of 0,6934. The gecond fuel was a
fuel of 18 octane numbor and was similar to S.4.FE. H-l
fuel, The igo-octane and the 18-=octano fuel werc blended
in proportions of 85-15, 90-~10, ard 95-5, respecdtively.
The octane nunbers of tho blonds, as doternmined by the
C.FuRe nothod ond by thc Arny Air Gorbs mothod, wore os
followe: L -
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Blend Qgotane nunber .
CoF.Re mothod - Arny Alr Corps nethod -
(average fron (1 laboratory)
9 laboratories)

85-15 8648 ' 86,9

90-10 90.9 ' ' 91,6 ~-

96~5 96,2 ) . 95.4

(1 labvoratory)
100~0 99 .75

Throughout the dilscussion, these fuel blends will bo desig-
nrt ed by the followlng roespective octane numbers: 87, 91,

956, and 100, In addition to these fuols, tests woro nadoc of
tho 100-octane fuel plus 1 nl of tetracthyl lead per gallon.

METHOD OF TESTS

The followlng test limits wero agreed upon:

Compression rotio: 6.50 to highest permissible (in
increments of 0,75).

Inlet~alr pressure: 30 inches of mercury absolute to
highest permiassiblo (in increments of 2.5 tachos
of morcury).

Inlot-air temporature: 120°, 160°, 200°, 240°, and
280° 7T,

" Spark advance: Maximum power for each compression
ratio at 32.5 inches of mexrcury 1lnlet-alr pressuro
and 200° ¥, inleot-air tomporsture.

In oach cage the limiting values, where no uppor linit 1is
designatod, were tho highost permissiblo for oithor audl-
ble or incipiont knock.

Each test was run with the air-fuel ratlo giliving ap-

proxinately maximunm power and with the ailr-fuel ratio
glving the mininum fuel consunption because these tvwo vale-
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ues are of partliocular interest in aireraft englnes. Suffi-
clent mixture loops were obtained for the various test con-
ditions to establish accurately the alr-fuel ratios for
maximum power and for minimum fuel consumpition. After
these values of the ratios were obtalned, necessary addi-
tlonal rune were made only at these determined values.

The alr-fuel ratios determined from exhaugt-~gas analyses
were: for maximum power, 12.8; and for minimum fuel con-
sumption, l4.4. : - -

The mlixture for maximum power was btaken slightly on
the lean side of the mixture loop, which corresponded to a
reduction in power of about 1 percent. Similarly, the
mixture for minimum fuel consumption was taken slightly on
the rich side of the meximum-economy point. Throughout
the report the mixture for 1 percent reductiorn in maximum
Power 1s deslgnated "best-pvower mixture," and the mixturse
for 1 percent increase above the minimum specific fuel
consunmptlon 1s designated "best-economy mixture."

During the tests 1t was found difficult to hold the
inlet-alr temperature within the limits deslred. Conse~
quently, for the test conditions in which mixture loops
were obtalned, it was generally impossible to determine
the exact inlet-air temperature for the best-power or for
the besi~economy mixtures. The temperature wvariation,
%owever, was always within 1100 F. and was usually much

eas. . - - . . -

The spark advance for the 6:50 compression ratio was
38° and was decreased 2° for each 0.75 increase 'in thé
compression ratio; engine tests had shown that these val-
ues met the condltlons.originally prescribed and that the
optimum spark advance was approximately constant foF all
inlet-alr pressuros at any one compression ratio. )

In the tests, the compression ratio and the inlet-air
temperature were held constant and the inlet-alr pressure
was increased in incroments of 2.5 inches of mercury until
the knock became audible. OCheck runs were made in some
cases for which the inlet~air pressure required for both
audible and incipient knock was recorded to within 0,1
inch of mercury. After the pressure required for saudidle
knock was dotermined, the inlet-alr prossure was decreased
to that required for XInciplent knock. :

Perticular care was taken %o distinguish between
knock and prelgnition or afterignition caused by a Pot
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spot in the engine. Preignltion was indicated by & loss
In enpgine power, and afterignition by continued firing
after the ignition switch was cut off+ -When preignition
or afterignitlion occurrod before sudible knock was resched,
efforts were made to remove the het spot that was the ig-
niting source; the tests werse thean repeated. Spark plugs
and othor pluges in the combustlion-wchamber wall were &
froquent gource of trouble until water-cooled. Conslider-
able difficulty was experienced with the leadod fuel (100~
octane fuel plus 1 ml totraothyl lead) bocause of a hot
gpot in the conter of the top of the combustion chamber.
Thisg hot spot-was eliminated by rémoving the bushing
around the spark-plug hole in thig position and pormitting
tho engine coolant to flow over the plug. (See fig. 2.)
Provious to this alteration, the plug had becen coolod by
tho lubricating oil from the valve gear. Special refor-
ence wlll bec made to the testa with and without thig eddi-
tional cooling,

. All data were computed on the basis of indlcated per-
formanco. The indicated horsepower was obtalned in the
conventional manner by adding to the moasured brake horse-
vowar tho frictlon horsopower detorminod by motoring at
the boost presgure.

TEST RESULTS

. Figure 4 shows the maximum permissible inlet—walr
pressures for the 100-octane fuel at compression ratios of
. 6450 and 7.25. Only the data for the 1l00-octane fuel are
inciluded in this figure cince the .trend of the curves 1is
8imllar for the other fuels tested. The curves show that
the difference in meximum permlesible inlet—alr pressure
for mazinum power and for minimum Ffuel consumption was
within the increment of 2.5 1lncheg of mercury used in nost
of tho tests. At sach ratlo, as the inlet-air temperature
wap  -inereaged, the curves for incipisent knock approached
those for sudidle knock. The points on the curves for 1ln=-
dlcated mean effsctive pressure show the experimental vari-
ation. During the tests, frequent check runs were mnade atb
proviously tested conditions, These runs were considered
to be setlsfactory when the power was within %5 percent of
t?at obtalned in the previous run under the same condl-
tlons.

A summary of the maxirmun permissible inlefwair pres-—
sureg for all the condltions tested 1s presented in table I,
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Although these data aroc for maximum power, they sorve
equally well for ninimum fuel consunption within the lin-
its of oxperinontal accuracy. (Soe fig. 4.) The second
86t of dato checkod the firast set withln the preclsgion of
the tests for tho 87—~ and 1l00-ogtane fuels, but the second
set of dato for the londod fuol shows appreclably highor
Permissiblo inlet-ailr prossures. The incroose was pormlti-
tod by tho incroased cooling of the plug in the center of
the top of the comhustion chpambor. A4As indicated in table
I, boforo tho inprovement was made in the ¢ooling, tho
loaded fueol showod proignition or aftorignition from a hot
spot ot the two lower comnpression ratlos. The othor four
fucls did not show this secondary ignition. Reomoving the
hot spot lmprqved the characterigtics _only of the fuel
thet was showing tho secondary ignition and had no appro-
clable eoffect on the other four fuols.

Figuro 5 shows the offect of comprossion ratio on the
fuel consunmptlion for tho two alr-fuel-ratio sottings. The
Plottod points represent the average of all the data ob-
tained at the compression ratios indicated. At any one
ratio, the indlcated fuel consumption was indopondent of
olthor the inlet-alr proseurec or the inlet-alr tonmperature.
The decroaso in fuel consumption with an increcase .in con-
pProsslion ratio 1s shown by tho curves. .

Thoe indlicatod moan offective pressuros for the diffor-
ent tost conditlons aro shown in figuros 6 and 7; cross
plots givo the limites for the differont fuols. The linmilt
for tho 100-woctano fuel plus 1 nl tetracthyl load is in-
ciplgnt knock, and for the other fuels 1t is audible knock.
The doshed portions of tho ocurvos represent extrapolated
data. Tho indlcatod nean affective prossure decreased
steadlly with increasec of tho inlot-elr tonperature and
ineresased, as expected, with compression ratio except for
the values at the lowest conpression ratio tosted.

Thoe indicated peak cylinder pressurcs for the alr-
fuel ratio glving best powor are shown in figure 8. Tho
pressures shown ropresent the avorages of tho highest val-
ues indicated by the peak-cylinder-pressure indicator and
correspond to the last intermittent flashes of the neon
tube. The peak cylinder pressures. corresponding to an al-
nost steedy flash of the neon tube in the nmaximun cylinder
Pressure gage were about 125 pounds per square lnch lower
than those shown in this figurs,

To what extent the data obtalned on the test engine

\
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can be applled fto & full=gcale aircraft engine cannot dbe
sald. It scems reasorable to bolleve that genoral tronds
of the results are applicable to a fullwscalo ongine. Tho
data show cloarly a decrease in maximum permissible power
with a given fuel as the temporafture of the incoming alr
is increased. Also, the data show the gein in maximum
pernlgeible power obtained by opernting the engine nt a
low conmpression ratio, a low inliet-alr temperaturse, and a
high boost pregssure. The data show the permisslble dew-
crenge in ninimum fuel consumption obteined by operating
~the engine at o high compression ratlio or at a low boost
presgure to evold knock. The data indicate that in a
boogted engine the maximum permissible i.m.e+p. 1s consgld-
erably decreaseod 1If no intercooler is provided betwooen

tho supercharger and the engine cylinders. .

A comparlison of the results prosentod heroin with
the results that mlght be obtained on another engline with
the samo fuol would probably show tho greatest discrep-—
ancy 1ln the varistion of maximum pormissidble boost with
inlot~air temmerature. This variption wlll dopend on tho
rate of hoeot transfer between the cylindor walls and tho
- alr-fuel mlixturc durlng the intakpe strokc, the compression
stroke, and the combustion period up to the time of knock-
ing. If the incoming mixzture ig at a lower temperature
than the walls of the cylinder and of the combustion chan-
ber, the charge will be heated during the intake stroke
and the firgt part of the compresgion stroke arnd the amount
of heatling will depend on the rate of heat transfer. If .
the charge enters at a temperature higher than that of the
. walls, the charge wlll be cooled.. Therefors, depending on
these raotes of heat transfer, the same fuelsg in another
onglne might show a greator or a lesser .drop in maximum
permisslidle boost prossure with increased inlet—alr tem—
perature. The data undoudbtedly givo a comparative plcture
of tho lncrease in power and the decrease in fusl consump-
tion that can be expocted from the introductlon of iso-—-
octana as an alreraft~engine fuol.

Tho rengo of engine oporating conditions 1e sufficlent
to pormit the rosults to be usod 1in an analysis of the
problen of rating sireraft-ongine fuols. Such an analysis
ls presonted in the followlng soction.
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ANALYSIS OF THE DATA FROM GONSIDERATIONS OF

ﬁEE RATING OF AIRCRAFT-EHGINE FURLS

Ahelyate of effects of inlet-air pressure, inlet—alr
tomperature, and compression ratlio on knock.- A successful
method of rating aircrafi-engine fuels must give results
from which it is possible to predlct the maximum perform-
ance obtalnable from an alrcraft englne using any speclfied
fuel. Furthermore, given a cholce of fuels and a definite
gset of englne operating condltiona, the rating of the fu-
eles should permit the choice of the fuel best sulted for
the particular engine conditions. No satisfactory method
of fuel rating that meets these requirements has yet been
found. '

.The phenomenon thet limits the severity of engine
conditlions to which a fuel can be subjJected ie knock, Any
basls of fuel rating should consequently be based on the
factors that cause knock. Although not all the chemical
and physical processes accompanying knock are uanderstood,
sufflclent knowledge has been accumulated to permit cer-
taln definlte conclusions to be drawn.

The most generally accepted theoory 1s that knock in
an internal-combustlion spark-ignition englne results fronm
the almost simultaneous burning of the end gases in the
combustlon chamber. ., This dburning 1is sufficiently raplid to
couse a .sudden increase in the pressgure in parts of -the
combustiop chamber, The pressure lncrease takes place at
a rate more rapid than tho rate at which the presgure 1is
tranamitted to the remaining sections of the combustlon
chgmber. A system of pressuroc waves is therefore set up
wlthin the chamber. These gas vibratlone striking the
combustion—chamber wall induce vibrations in the engine
structure that give rise to the metallic knock,

Hore recont data obtained at thils laboratory have led
to the conclusion that the volume of gas ceusing the knock
may not necessarily be the end gas, because knock has been
observed to take place after the combustion has apparently
traversed all the combustion chamber. BRegardless of the
section of the gas 1in which the knock takes place, the sf-
fect on.the pressures within the cylinder . ls the same —~ &
sudden increase in the local pressures and, wilth heavy
knock, a sudden increase in the mean pressure throughout
the chanber.
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Since knock is s phonomenon of combustlon, it must be
controlled by the physical state of—the gases in the com-
bustion chamber as well as by the chemical composition of-
the gaoses. It seems most reasonable to believe that the
gas donsity and tho temperature immediately preceding
knock are the controlling physical properties. Tho engilne
condltions that control these two propertles are:

. 1, Compression ratio, R,
2. Spoark -advance.
* 3. Inlet-alr temperature, T,.

4, Inlet-air pressure, P,.
" 54 Oylinder-wall and combustion-chamber-wall
tomperaturs.

" 6. Engino gpeod.
7« dlr-fuel ratlo.
B8se Exhaust-gas dilution,

The firet flve factors are the major independent variables.
The last three factors also affect the denslty and temper~
ature of the gas, but the other effects they hawve on the
combustion may be of more importance. The effect of alr-
fuel ratio can be eliminated by conslidering that, for any
given sot of conditions far factors 1 to 4, any air-fuel
ratio that causes knocking is being considered. Exhaust-
gas dilution does not vary much over the normal full-
throttle range of englne opoerating condlitiong and will not
be consldered in this analysis. The effect of engine
spond will be discuesed later in more dstall,

If tho assumption 1s eccepted that the two physlcal
propertios controlling knock are tho gas density, and tho
gas temperaturo, it can be sald that, for each gas donsl~
ty, thore is a minimum gas temperature at which knock will
occur. If this contention is true, it follows that a fuel
can be accurately rated by determining tho relatlonship
- botwoon tho gns temperature and the gas denslty that re-
sulte. in knock. 4 socond, and equally lmportent, conten-
tlon is that-1t will be impossible to rate a fuel accu-
rately by detormining ono and only onec temperature and
density at which knock oceurs. A fuocl should be rated,
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then, not by octane number, highest useful compression
ratio, compresslon pressure, Or any other single value,
but by a curve of densglty agalnst temperature.

The gas dsnaity p, and the gaes temperature that are
the immediste causes of knock are the density and the ten-
perature of that portion of the charge in the knocking
region of the combustion chamber the instant before kmoclk
occure., Thig density can be measured falrly easlly and
eccurately but the temperature cannot. The feasldbillity of
using the temperature .and density at some other time in
the cycle must be determined. Since all fuels dburn with
approximately the same flame speed, the denslty and ten-
perature at the gtart of combustion or at top center (as-
suning no combustion before top center) should provide o
satisfactory meagure of the conditlions in the knocking
reglon, The density at top center, if 1%t ls essumed that
ell tho fuel ie vaporized, depends on the compression
ratio, the inlet-nlr pressure (including volumetric effiw
clency), the inlet—eir temperature, and the heat of vapor-
l1gation of the fuel, Inasmuch as the heat of wvaporizatlon
of pll hydrocarbon fuels 1s 2bout the same, the speed of
combustlon and the heat of wvaporizatlon need not be con- . L
sidered., If & constant spark advance is assumed, 1% can
be mstated that

PaRPI_TLl - - - -.--—_

From this rolatlomship, BRP,/T, cnn be substituted for
tho alr density. .

The temperature at top center can be estimated fronm
computations considering the effect of the varlation of
the specific hoats of tho gases with temperature and the.
effect of the residual gases. Valuos from such compuba=
tions are shown in tablo II. The tablo shows that, where-—
a8 an lncrease in compression ratio from 6.50 to 8,75 ln-
crenses. the comprossion tempoeraturec .100° ZB'.6 an increaao
in inlot-oir temperaturc froam.120° F. to 240° F, at the
lower compresslon ratlio lncreasses the compression tempor—
atures 280° F. It can bo comcluded that from considera-
tions of tomperatureo alono, an increase in comprossion
ratlo in tho present normal operating ronge should have no
groaet offect on the fuel roqulromonts of the englne.
TherefqQre, the chlef effoct of increcsing the compression
ratlo must lilo in the increasoc - 1in the gas density at t°P
center.
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For use in rating fuels, the tomperature-density re-
laotlonship for knocking combustion should be determined
ovor & sufflclont rango of engino conditions to establish
a dofinite rvurvo. If a linear rolationsiip is assumed,
the rating curves for two fuelg of difforent chemical prop-—
ertles might appear as shown in flgure 9. In this case,
fuel B 1s superior to fuel A at low gas temperatures and

fuel A g the hatter et hizh temnperatursg: fuel B 13 slszo

LA PR =2 4 bds ik VDM ULV Ll OOy MO de i D e DV

more suscertible to temperature variation than fuel 4.

The effect of engine speed hps not yet been discupsed,
Docreasing the engine speed hes three major effecte: It
decreeses the turbulence within the combustion chambers
1t changes the gas temperatures because of the increased
time for heat transfer; and it increases the time interwval
during which the gases in the cylinder are subjected to
the ingroasing temperaturc during the compression stroke.

Tho tomporaturs and timo effects are probably of most in=-
terost. Incrensing the gas tomperatures has the effect of
shifting to tho left the curvos shown in figure 9 boceusec,

in the computation of the compresslon temperaturos, the |
quostion of heat flow to the walls was hot considered. ;

The offect of the lengthened time interval ig more
conplicated. If thore are no appreclable chemical chengos
in the gases during compression, the effect of time alone
can probably be neglected. If there are appreclable chemi-
cal -changes, which vary with the time required for comple-
tion of the compression of the gases, each fuel wlll have
to be rated at different engine speeds; the change, oi-
ther detrimental or beneficial, must be charged to the
fuel and not to the engins. Some of tho effects of enging
spood on the maximum permisslble hoost prossure have boen
bPresented by Heron and Gillig in roference 3.

In order. thet the foregoing analyeis may be thorough-
ly checked, o.serles of fuele must be tested in sevoral
difforent—ongines.. EFach ongine must be run on each fuel
over a range of compression ratiog and inlet-alr tempera-
tures and pressures, and at different Jjacket temperatures
and englne speeds. Such a set of .data 1s not availadle in
the literaturs.

lyglg of the dates presented.-
The deta presented herein, from tests of only one engilne,
show the maximum permissible inlet~alr pressures for a
gerles of compression ratlos, inlet~air temperatures, and
fuels. The fuels, although differing in octane number,
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are slmiler 1in chemical properties. Tmble I shows the
maximum permissible .inlet-air pressures for different fu-
elpg, inlet~air temperatures, and compreseion ratios. In
the first amerles of tests, up to the time the cooling in.
the center of the head was improved, "the inlet-ailr pProg-—-
sureg were recorded to the closest 2.5 inches of mercury.
In the second series, the pressures were recorded to with—
in 041 Inch of mercury. The data for the.conditlons ro-
8ulting In preignition or afterignition have purposely
been ,omitted from the table. Before the coolling to the
cylinder heed was alterod, this secondary lgnitlion oc-
curred with the leaded fuel at the two lowest compression
ratios (6.50 and 7.26); and, after the aoling had been im-
proved, the-secondary ignition ogcurred at a compression
ratlo of 7.25 and an inlet~air tempersfure of_280o ¥, The
tests were not run at a compression ratio of 6.50,.

The regults in table I show that the improved coollng
of the head permitted higher inlet-air pressures to be
used with the leaded fuel but not with the other fuels..
This fact and the analysis of the data indicated that,
when elther preignition or afterignitiom occurred, the data
mugt be interpreted differently than when knocking occurred
without this secondary ignition,

In figure 10 the air-density factor RP,/T, for sudi-
ble and lneiplent knock is plotted agalnst the eetimated
compresslon temperature for the 100-~octane fuel and the
100~o0ctans. fuel plug 1 ml of tetraethyl lead. The data in
each case pre those obtalned after the additional cooling
was suppllied to the top of the combustlon chamber. For
the 100~octane fuel, the points form a smooth curve with
the exception of the data for the two higher ratlos at .
120° F. inlet-air temperature. When the data were plotted,
the recorded inlet-ailr temperatures were used in determin-
ing the compression temperature. These tempsratures vor-
1ed by %£10° F. from the values-given in teble I. The data
for the leaded fuel are not so satisfactory as those for
the unleaded fuel, probably because of the more severse
operating conditions.

The problem of determining the curveis for the differ-
ent fuels will be .simplified if recorded test temperatures
can be used in place of the estimated compression tempera=
tures, The compression temperature is approximated by

TlRY" « Agsuming the value of Y to be 1.4, Ry“ at . a
compression ratio of 6.50 is 2.1l and, at & ratio of 8.76,
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1s 2.38, o vartation of %6 percent from the mean of the
two values. Oonsequently, plottlng the values of RPl/Tl

againgt T, should be accurate to wlthin this valuse.

In figure 11 the value of RPE,/T, for twé of the

fuels 1s plotted against inlet-air tomperaturo. For the
100~o0ctane fuel, the maximum variation of the pointe from
the curve 1g *0.25 RP,/T, which.represents a maximum

varlation in inlet-air pressure of—£3.5 inches of mercury.
For tho 100-~octane fuel plus 1 ml of tetraethyl lead, the
varlation 1s approximately the samo, with the exception

of two points.

When walues of RP,/T, are plotted agalnst inletw

alr tomperaoture ingtead of compression temperature, 1t 1s
autonatically assumed that, for a.given lnlet—alr temper-—
ature, the factor RPl/T1 is a constant, regardloss of

comprossion ratio. The data indicate that, K this factor is
approxlinately constant for the engine tested over the
range of compresgsion ratios from 6.50 to 8.756. Data ob-
tained at two other laboratoriss (table III) for threo
difforent engines of a sige siniler %o that used in the
prosent tests and over a corresponding range of ratios
also show this factor to be approximately constant. Tho
assunption appears to be Justifisd.

Flgzure 11 indlcates that a single curve can be used
for both maximum power and minimun fuel consumption,
which sinplifiles the fuel rating. The lower curve shows
that no inprovenent was obtained with the 100~octane fuel
after the additional .cooling was applied to the top cen-
ter of the combustion chambem; nor was any inprovement
obaserved wlth the 87-cctane fuel,

The marked impravement obtained with the 100~octane
fuel plug 1 ml of tetraethyl lead after the cooling had
been improved indicates that fuels subjected to secondary
i1gnition because of & hot spot in the combustion chamber
can be usod under more severe ongine conditions 1f- the hot
spot 1s renoved; whereas, fuols that knock wlthout pre-
1gnlting of afterigniting are not improved. In these par-
ticular tosts, the hot spot probably occurred only with
tho high rate of heat flow through the cylinder head that
accompanied the high inlet-alr praessures permissible with
the 100~octane fuel plug 1 m! of tetraethyl lsad. A more
important conclusion 1s that preignition end afterignition

a
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are phenomena separate from knocking and mﬁq@ be treated
ag such. Either of these secondary ignltlons may glve
rige to knocking, -

A gummary of all the results obtained for the fuels
tested is presented in figure 12. The curves of T,
agalnst ‘RP, /T, are presented for each fuel. Ourve 6 is

for incivlent knock and the other five are for audible
knoek, The curves give the limiting engine conditYons to
which egch fuel can be subjected. The fact that the
curves are similar 1s to be expected because the fuels are
similar. & cross plot of RP,/T, agalnst octane number

indicated that curve 5 represents a fuel with an octane
number of 1066 whereas curve 6 represents an octane number
of 127 at 120° F. inlet-air temperature and 138 at 280° F.
inlet—air temperature. The leaded fuel 1ls apparently less
susceptible to temperature than the unleaded fuels. This
varlation of the tomperature suscoptibility of the differ-
ent fuels ia of extreme importance and is clearly indicat-
ed by the slope of the curves shown in figure 12. Some
fuels, such as toluene, afe much more susceptlible to tem—
perature than a fuel that is predominately 1so-octgne (2,
2, 4 trinethylpentane), As a result, toluens shows an oc-
tane numbex much in excess of 100 at low temperatures dutb
?elow 100 at high temperatures (reference 3).

In the present tests, the coolant temperature was not
varled. The temperature factor should, however, express
the temperatures both of the inlet air and of the engine .
coolant or of the walls of the cylinder and the combustion
chember. Some date on the effects of englne-~coolant tem—
perature glven in references 3 and 8 indicate thes same
general rolationship as was observed in the tests repor¥ed
herein. From the dats presented by Heron and Gillilg, the
variation: in the rate of temperature depreciation for dif-
ferent fuels can be shown. :

Ag has been previously mentioned, any change in the
engine speed will alter both the gas temperature and the
time during which the gases are subjected to these temper-
atures. Consequently, in any investigation of the effects
of engine speed, the effects of these two varladbles must
bo sevarated. Data on the rating of .fuels at different
englne speeds are contained in references 3 and 9, in ~
which it is ghown that the change in highest useful com-
pression ratio or in maximum permissible boost pressure
with engine speed varles consideradly for different fueIg.
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Other wvariables, such as the effect of humidity and
of exhaust gages, must be more completely investigated.
In the present tests no attempt was made’ to maintain these
two factors constant. ZFrom the unlformity of the regults,
however, 1t is questionable whether the effect of eithor,
of these two variables wlll prove of much importance.

From the present analysls and tho applicatlon of the
tost rosults, it is belioved that a method of rating alr-
croft-englne fuels must be based on o rolationship, simi-
lar to that descrlided, which. expresses the dependency of
the gas denslty on the gas tomperaturo at conditlons cous-~
ing knock. Such g nethod of rating expresses by a single
curve the value of a fuel under a variety of englne oper=-
ating conditions.

CONCLUSIONS

The following conclusions are drawn from the test
date and the analysle presented:

le In this investigatlion an increase in octane nun-

ber from 87 to 100 permitted an increase in i.m.,e.p. from
178 to 210 pounds per square inch at a compression ratlo
of 6,50 or a decrease in the indicated specific fusl con-
sunption from 0,39 to 0.35 pound per indicated horsepower-
hour, obtalned by increasing the compression ratio. from
6.560 to0 8,00. The addition of 1 ml of tetraethyl lead wver
gollon to the 100=octane fuel permitted g furiher luprove-
mont in i.,n.e.p. of ‘about these sane values, provided that
proignition or afterignition did not occcur.

2, The indicated fuel consumptlon 1s indepengdent of
elthor the inlot-air pressure or the inlet-alr temperature.

3. In these tests the maximum permissible boost pros-
surc was approxinately the same for .best~power and beste
sconony seoettlngs,

4., Alrcraft-engine fuels cannot be rated satlsfac-
torily by a single value, such as: octane nunmber, highost
useful compression ratio or allowable boosgt ratio.

. 5 4 gatisfactory method of rating alrcraft-engine
fuelg may be based on the temperature—~density relatlionship
of the combustidle gas for the condlitlion of knook combus-
tion, :
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6. In the rating of fuelg, particular care must be
taken to determine that knock is not caused by & hot spot
in the combustlon chamber, whiech would produce a second-
ary source of ignition.

Langley Memorial Aerongutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Fileld, Va., March 18, 1938,
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Effect of Inlet-Air Temperature on Maximum Permigsible
Inlet-Alr Pressure at Different Compression Ratios
Best~Power Mixture

Inlet-gir| Inlet-air pressure (in. Hg)
Enock oi%ei tempera- ) )
num:e: ture Compression ratio

(°r.) 6,50 7.25 |8.00]|8.,75
Audidble 87 120 32,5

160 32,5

200 32.5

240 30.0

280 . :
Audivle 91 120 35,0 32,5

160 35,0 32.5

200 32,5

240 32,5

280 32.0 . ]
Audible a5 120 3745 35.0 30,0

160 37,5 35.0

200 35.0 32.5

240 32.5

280 30.0 .
Audible 100 120 40,0 37,5 |32,5|30.0

160 40,0 32,5 32.5{30,0

200 35,0 32,5 |30.0

240 36,0 3245

280 30,0 30,0 .

Audible 100 + 1,0 120 Maximum inlet-alri 37.5]|32,5
ml tetra-~ 180 pressure limited |35,0|32,5
ethyl 200 by preignltion or|32.5]|30.0
lead 240 afterignltion 30.0
Improved cooling in center of comdustion chamber

Audlible ¥4 120 34,4 29.5

160 33,1
200 82,1
240 29,9
280 29.7 .
Audible 100 120 40,7 35.8 34.2131.4
160 41,6 25.6 32.,4127,8
200 39.8 3342 29.4
240 36 .6 3069
. 280 33.0 2746

Inciplent|100 + 1,0 120 48,5 43,9141.8
nl tetra- 160 48,2 %5.6 %1.2
ethyl 200 46,2 9,833,
lead 240 42,9 34.,7132.,5

280 32.7130.3




. . NiAiC.A, Technical Note No. 647 21

* TABLE II

Egtinated Compression Temperatures for Various Compression
Ratlos and Inlet-Alr Temperatures, -Congildering Effect of
Resgldunl Gases and Variation of Specific Heets with

Temperature. Constant Inlet-Alr Pressure

Compression temperature (°F.)
Compression Inlet-alr temperature (°F.)
ratlo -
120 160 200 240
6.50 930 1,020 1,120 1,210
7225 960 1,060 1,150 1,260
8400 990 1,100 1,190 1,280
8.75 1,030 1,130 1,230 1,320
) 9,25 1,060 1,160 1,260 1,350
: 11.00 1,120 1,230 1,330 | 1,440
12.50 1,190 1,300 1,400 1,500
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Effect of Compression Ratio on Alloweble Boost Pressure
Inlet-Air Temperature Constant for EBach Seriles of Teasts

Compresalion Maximum

Fngine Fuel retio indyction | RE

pressurse 10

(in. Eg)

Single-cylinder . o .
Napier Petrol 4,5 42,3 19,0
(reference 6) 4.0 54.3 21,7
3«5 60.8 21,3

Single~cylinder . )
Rolls-Royce Benzole 4.0 65 .4 26,1
(refersnce 6) 5.0 56,8 28,4
545 51,4 28,3
640 50,9 30,6
6.5 45.3 29.4
7.0 41,1 28,8
¥N.A.C.A, Domestic 3.5 44,0 15,4
Universal aviation 4.0 37 45 15,45
test engilne gasoline 4,5 32.6 15.3
(reference 7, 5.0 30.0 15.5

fig. 11)
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AN

figure . — Diagrammatic layout of test unit. A, eledtrical qir heatera B, thermocouple
for” intaKe temperature, @, surge tank. D, air cooler, E, Roots blower
F, carburefor: :
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(1) Ro knock

Time-pressure
record. Xnock record,

"(4) Knocking

Figure 3.~ Motion pictures of time-pressure record smd of
knock rscord for four successive engine cycles,
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Inlet-air pressure,. in. Hg. absolute.

i.m.e.p., lb./sq.in.

Fig. &
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Figure 4.~ Engine performance as limitei by kmock(100-octane -fuel)

Inlet-air temperature, °F.
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Figure 5.- Average fuel consumptiun for different inlet-air pressures
anl temperatures.
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Fig. 6
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Fig.

210 8 / 8.76(Compfkes. rFtio)
/\/ 7/ Inlefdair
/ - %ooe-kt aturg, °F.

190 > = v

//” // a, /lafb

,/ // y L‘/ 240 )/1 / /];6( _
0 - // 41 /’7 - ~204
7 1 .
180 L~ A
20 8.0C Comp.| ratio

\

Q
0
ct
=B

\. |
\\[\]

gy
P’ A1
1 % / 10 // 1.7~
140 210
o Ly
i re~ //,// =
g . // /// 7. 25(Comp. ratio) 4120
o 1m0 S // o 160
£ &V’/ =~ ik T
S 150 ,//A | 4 //?240
E:].30 /Z -295( // /’//
"W 4*0/4%2/ <
.50[Comp. | ratio}
%/ 6.50
I /
140 ) /
o e, 1p0+1.0 mL
t;ra_.etl'zyl load
120
30 34 38 42 45 50

Inlet-air pressurs; ln. Hg absolute

Figure 7.- Eangine performance with best economy mixture(aniible

knock) .



N.A.C.A., Technical Note No. 647

Cylinder pressure, lb./sq. in.

200

800

900

g, 8

800

700

8

8

3

g

1000

:

500

I ——] ' ,432.5 Compzessio
i \\“‘—P— ratlo ‘\%
. T — 30 ~
! 8.75
o Inletlalr pressure,
1]
in. Hg.
f‘--—-__________ 135
D e S
- 8-
T4 {30
!
{
‘.{\\\;\ 40
1= . ]
—— pr - S, — - ey
H \‘\ 37.5 e -— ]
<l\l\ [~ e
~ | ——{ I 7.25
N-\ e~ —— — »
[T 32- 5. - T —-4
_ m— e
__l ———
1 | 30
1]
b
.-\\
L . \\%—; 42.5 -__\—\f_
|‘ “\\i\H?\\\_
_____ PR o =S 1 o
4 37;;7=___ ““-—--6 0
] —] T
| e e e [ ———
i \\‘
1 : I
120 160 200 240 280

Inlet-air temperature, °F,

Pigure 8.~ Cylinler pressures with best-power mixture.



¥.A.C.A. Technical Note No. 647
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Fuel B

Fuel 4
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Compression ratio

Figure 9



RN.A.C.A. Technicel Note Ro. 647 Fig. 10

070— T i l
Compression ratic
a .50
| x 7.25 -
1 o o 8.00
0 X \m\ O 8.75
. '\N) a
x e
\\
_ N\
.5‘-) — \\
2| o T °
RPy A-\‘_x
Q
.40 L\<q \)ﬂ\ o“n
3|x .
x\é»: X
] A
>~\\\"’<>(\
.30 —C ~J “T N
A
1 S~
&
-20
900 1,000 1,100 1,200 1,300

Estimated compression temperature,©F.

1. 100~octane fuel +1lml tetraethyl lead, inciplent kmock
. 100-octane fuel audlble knock.
« 100-octane fuel . irciplent kmnock

0

Flgure 10.- Relationship between eptimated compressi_on temperature ani

alr-density factor BP]_/ T, for 100-octane fuel and for 100-
octane fuel + 1.0 ml tetraethyl lead. Improvel cooling in center of
combustion chamber.
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l60

Flg. 11
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8.00
8.75

120

160

100-octane fuel+ 1.0 ml tetraethyl lead incipient
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improved cooling in center of combustion chamber.

tion chamber,

~ == == =— — 100-octane fuel, audlble knock maximm power, with
ani without improved cooling to centef of combus-

Figure 1l.-~ Effect of inlet-alr temperature on a.ir-d.ensity factor

RP, /T,. Best power mixture.
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Figure 12.- Effect of inlet-air temperature on air-density factor
at top center at start of detonation. Best-power mix-
ture.
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